Introduction
============

Cancer, also known as a malignant tumor, is a group of diseases involving abnormal cell growth with the potential to invade other parts of the body, with several million deaths every year.[@cit1]--[@cit3] The survival of cancer patients is strongly associated with the stage of the tumor at the time of diagnosis. Up to now, there is increasing evidence to suggest that cancer is a genetic disease, in which gene changes control the way cancer cells function, especially how they grow and divide.[@cit4]--[@cit6] Thus, tumor-related mRNA has been widely used as a specific marker to assess whether it is a cancer cell or a normal cell.[@cit7]--[@cit10] Therefore, the detection of tumor-related mRNA can provide new tools for identifying cancer cells at an early stage and holds great promise for increasing the survival rate of cancer patients.

Recently, a series of bulk measurements, including quantitative polymerase chain reaction (qPCR),[@cit11],[@cit12] northern blotting,[@cit13],[@cit14] and DNA microarray,[@cit15],[@cit16] has been developed to measure specific mRNA levels following its isolation from cells. However, the detection and identification of foreign or mutated mRNA are often difficult in a clinical setting due to the low abundance of diseased cells in blood or sputum samples. Furthermore, in population-based assays that analyze the content of many cells, molecules in rare cells escape detection. Also, such assays provide no information concerning which of the molecules detected originate from which cells. Expression in single cells can vary substantially from the mean expression detected in a heterogeneous cell population.

Apparently, the shift from population to single-cell studies can address the intrinsic heterogeneity of cell population, which is masked in bulk measurements. Fluorescence *in situ* hybridization (FISH) is a powerful and widely used technique which analyzes the expression pattern of a gene of interest *in situ* at single-cell resolution.[@cit17]--[@cit21] Fixed cells retain much of their structural organization and provide a controlled setting for visualizing the subcellular distribution of mRNA or other targets using FISH. FISH images are composed of points of light with variable intensities resulting either from hybridization or from background fluorescent noise, where cells or tissue sections are fixed and permeabilized to increase the probe delivery efficiency and unbound probes are removed by washing. Nevertheless, the traditional FISH method, composed of fixation, hybridization, washing and visualization, is restricted by two problems. First, only one signal probe can be hybridized to the target mRNA molecule, thereby yielding inadequate fluorescence to quantify the mRNA expression in individual cells, especially in cells with very low amounts or small changes in the expression levels of mRNA that are required to be evaluated. Second, with *in situ* hybridization, complicated and time-consuming washing steps are subsequently required to remove unbound probes prior to imaging of fluorophores, that either label the probes directly or are localized in the vicinity of probes during a subsequent amplification step. Recently, PCR[@cit22] and rolling circle amplification (RCA)[@cit23] based FISH methods have been developed for *in situ* sensitive detection of mRNA expression. Yet, these methods require enzymes and complicated operations. Very recently, Pierce *et al.* developed a hybridization chain reaction (HCR)-based FISH method, where a polymerization reaction of two types of fluorescently labeled hairpin monomer was controllably catalysed, then the fluorescent signal associated with a given mRNA expression was amplified and could be imaged readily using fluorescence microscopy.[@cit24],[@cit25] However, it needs repeated washing steps and a relatively long time to accomplish the experiment. Thus, a better strategy to improve the FISH technique would be the combination of signal amplification and a wash-free strategy into one detection system. The development of simultaneous signal amplification and a wash-free strategy for *in situ* visualization of mRNA expression patterns has been largely unexplored.

Results and discussion
======================

Herein, we present a fluorescence resonance energy transfer (FRET)-based HCR for *in situ* visualization of tumor-related mRNA, where the *in situ* target mRNA fragment acts as a reaction initiator and activates a HCR, constructing multiple DNA repeating units, each of which generates a FRET signal. As illustrated in [Scheme 1](#sch1){ref-type="fig"}, this strategy is based on the use of three programmable DNA hairpins (H1, H2 and H3, see Table S1 in the ESI[†](#fn1){ref-type="fn"}). H1 is designed to contain a sequence complementary to the target TK1 mRNA. H2 and H3 are labeled with a fluorescence acceptor (TAMRA) and donor (FAM) at the appropriate positions, respectively. In the presence of target, H1 is opened by the target (step 1). The opened H1 pairs with the sticky end of H2, which undergoes an unbiased strand-displacement interaction to open the hairpin (step 2). The newly exposed H2 nucleates at the sticky end of H3 and opens the hairpin to expose a sticky end on H3, which can open H2 again (step 3). In this way, each copy of the target can propagate a chain reaction of hybridization events between alternating H2 and H3 hairpins to form a nicked duplex (repeat steps 2 and 3). Each H2--H3 pair hybridization event leads to FRET signal generation, amplifying the fluorescence signal. Upon irradiation of the sample at the donor excitation wavelength, the energy transfer can be detected as a decrease in the fluorescence emission of the donor and an enhancement in the emission intensity of the acceptor fluorophore. The ratio of the last to the first emission intensities gives a relative FRET measure, where higher ratios indicate higher energy transfer efficiency.[@cit26],[@cit27] However, the hairpins stay metastable when no target is present, due to the closed formation of the hairpin stems. A FRET-based approach has been implemented in our system to avoid multiple washing steps and prevent false positive signals that can be observed in quencher/dye systems as a result of probe accumulation or degradation. As far as we know, this is the first report of such a FISH strategy that can simultaneously satisfy signal amplification and is wash-free.

![Working principle for the *in situ* detection of TK1 mRNA using the FRET-based HCR method.](c6sc00377j-s1){#sch1}

To demonstrate the feasibility of this principle using in-tube experiments, we designed three DNA hairpins (H1, H2 and H3) to make sure that the hairpins exhibit metastability in the absence of targets but the introduction of targets can trigger HCR (for details see Table S1 in the ESI[†](#fn1){ref-type="fn"}). The resulting electrophoresis illustrates the three hairpins meet the above conditions that only the presence of target and the three hairpins can trigger the polymerization reaction (see Fig. S1 in the ESI[†](#fn1){ref-type="fn"}). As expected, various lengths of large molecular weight products appear as a bright band in this case, which indicates that it is feasible to use the three-hairpin-system as an amplification technique. To further confirm the switching of the FRET signaling of the detection system with the addition of targets, we detected the fluorescence profile before and after adding target. The results showed that the acceptor (TAMRA) fluorescence increased and the donor (FAM) fluorescence decreased (see Fig. S2 in the ESI[†](#fn1){ref-type="fn"}), which suggests that the adding of targets can switch the FRET signal. To test the *in vitro* target sensing behavior of the FRET-based HCR detection system, we monitored the kinetics toward 10 nM target DNA. The result showed that the FRET signals gradually increase with time until 200 min (see Fig. S3 in the ESI[†](#fn1){ref-type="fn"}). We subsequently examined the response to varying concentrations of synthetic DNA targets, instead of mRNA, at 37 °C. The results in [Fig. 1](#fig1){ref-type="fig"} illustrate excellent FRET signal change according to different concentrations of the targets. It suggests that the acceptor-to-donor ratio is dependent upon the target concentrations. Fluorescence intensities of the FRET-based HCR assay increases with increasing concentration of targets and an estimated detection limit is about 18 pM (three times the standard deviation in the blank solution).

![(a) Fluorescence profile of the FRET-based HCR method responding to different synthetic DNA targets *in vitro* at 37 °C. (b) A plot of acceptor-to-donor ratio as a function of target concentrations.](c6sc00377j-f1){#fig1}

To demonstrate the feasibility of the strategy in the cell system, we chose TK1 mRNA as a tumor-related target mRNA, which is associated with cell division and is proposed to be a marker for tumor growth.[@cit28],[@cit29] Our previous studies revealed that TK1 mRNA was commonly overexpressed in tumor cell lines (HepG2 and MCF-7) compared with the normal cell control (L02).[@cit30],[@cit31] In this work, HepG2 (a human liver hepatocellular carcinoma cell line) and MCF-7 (a breast cancer cell line) were selected as the target cells. And L02 (a normal human hepatocyte cell line) was selected as the control cell. Herein, the FRET-based HCR strategy was used to image TK1 mRNA in the three cell lines. [Fig. 2](#fig2){ref-type="fig"} shows that strong FRET signals (TAMRA fluorescence) for TK1 mRNA in HepG2 and MCF-7 are observed, and almost no FRET signal in L02 is detected. The results are also consistent with the results of another conventional technique qPCR (see Fig. S4 in the ESI[†](#fn1){ref-type="fn"}) and further indicate that the signals of the FRET-based HCR strategy correlate very well with the levels of mRNA expression. Moreover, the results suggest that the FRET-based HCR strategy possesses high specificity.

![Fluorescence images of TK1 mRNA in MCF-7, HepG2 and L02 cells using the FRET-based HCR method. The green fluorescence represents FAM (A, E and I), the red fluorescence represents TAMRA (B, F and J), and the blue fluorescence represents DAPI stained cell nuclei (C, G and K). The merged image represents an overlay of the FAM, TAMRA and DAPI signals (D, H and L). The excitation wavelength is 488 nm, and the images were collected in the ranges of 505--560 nm (FAM) and \>560 nm (TAMRA). Scale bar: 10 μm.](c6sc00377j-f2){#fig2}

To further prove the mechanism of the FRET-based HCR strategy, we designed four control experiments. Firstly, only two hairpins (H1 and H2, H1 and H3, H2 and H3) were incubated with the fixed MCF-7 cells under the optimized conditions. As shown in [Fig. 3](#fig3){ref-type="fig"}, we notice that no FRET signal (TAMRA fluorescence) is detected in this case (A--C in [Fig. 3](#fig3){ref-type="fig"}), whereas the sample with three hairpin probes shows a highly intense FRET signal (E in [Fig. 3](#fig3){ref-type="fig"}), verifying each of the three hairpins is strongly necessary to anchor these signal probes on the position of target TK1 mRNA. Secondly, a superfluous inhibitor, a single strand specific DNA, which could block the target TK1 mRNA binding location (see Table S1 in the ESI[†](#fn1){ref-type="fn"}), was used to pretreat the fixed cells before FRET-based HCR detection. As expected, we did not observe any distinct TAMRA fluorescence signals in this case (D in [Fig. 3](#fig3){ref-type="fig"}), suggesting that the FRET signals were specific target mRNA-dependent, rather than induced by nonspecific binding. From the above four control experiments, we conclude the fact that the target RNA recognizes H1 and the newly exposed sequence of H1 triggers HCR between alternating H2 and H3 to form a long nicked double-helix. In this state, numerous FAMs and TAMRAs are brought into close proximity to produce bright FRET signals.

![Control experiments: fluorescence images of TK1 mRNA in MCF-7 cells under different conditions. Cells are incubated with H1 + H2 (A1--A4), H1 + H3 (B1--B4), H2 + H3 (C1--C4), H1 + H2 + H3 + inhibitor (D1--D4), and H1 + H2 + H3 (E1--E4), respectively. Scale bar: 10 μm.](c6sc00377j-f3){#fig3}

To demonstrate the signal amplification effect of the FRET-based HCR method, we arranged the FRET-based binary probes for *in situ* mRNA detection as a control (see Table S1 in the ESI[†](#fn1){ref-type="fn"}). In the FRET-based binary probes, one part of the probe is conjugated with a donor while another contains an acceptor fluorophore.[@cit32],[@cit33] When hybridized to the target, the oligonucleotides bring the two dyes in close proximity, thus enabling FRET. Because one target molecule induces only one FRET signal, this method does not involve signal amplification and is used as a reference method to compare the sensitivity with the FRET-based HCR method. For in-tube testing, fluorescence intensities of the FRET-based binary probe assay also increased with increasing concentration of target, a result obviously produced by the hybridization of the target with the probes (see Fig. S5 in the ESI[†](#fn1){ref-type="fn"}). An estimated detection limit is about 9.8 nM (three times the standard deviation in the blank solution), the sensitivity of which is about 3 orders of magnitude lower than that of the FRET-based HCR method. The reason for the signal amplification is changing the "one target--one FRET" signal to "one target--multiple FRET" signals.

When comparing the in-cell models, as shown in [Fig. 4](#fig4){ref-type="fig"}, the FRET-based HCR method exhibits highly intense TAMRA fluorescence signals in MCF-7 cell lines, whereas relatively weak signals could be observed by the FRET-based binary probe method under the same conditions. Furthermore, flow cytometry reveals that the MCF-7 cell population treated with the FRET-based HCR probes is more fluorescent than the population treated with the FRET-based binary probes (see Fig. S6 in the ESI[†](#fn1){ref-type="fn"}). These flow cytometry experiments are in excellent agreement with confocal imaging and demonstrate the signal amplification effect in the cell system. These in-tube and in-cell experiments clearly demonstrate that the FRET-based HCR technique can indeed enhance the sensitivity of mRNA detection and provide high imaging contrast, which is of significant importance in the detection of trace levels of a specific mRNA as well as the determination of small changes in the expression levels of mRNA.

![(a) Schematic of target triggered FRET-based binary probes and FRET-based HCR probes, respectively. (b) Fluorescence images of TK1 mRNA in MCF-7 cells (A and C) using the FRET-based binary probes and the FRET-based HCR probes (B and D), respectively. The excitation wavelength is 488 nm, and the images are collected in the ranges of 505--560 nm (FAM) and \>560 nm (TAMRA). Scale bar: 10 μm.](c6sc00377j-f4){#fig4}

The ability of the FRET-based HCR method to identify the changes in the TK1 mRNA expression level in MCF-7 cells was then studied. It was reported that tamoxifen induced the down-regulation of TK1 mRNA expression and β-estradiol induced the up-regulation of TK1 mRNA expression.[@cit13] The MCF-7 cells were separated into three groups in parallel. One group was treated with tamoxifen to decrease the TK1 mRNA expression, and another was treated with β-estradiol to increase the TK1 mRNA expression. An untreated group served as a control. The FRET-based HCR method was subsequently applied to image the TK1 mRNA in cells of the three groups. As shown in [Fig. 5](#fig5){ref-type="fig"}, the TAMRA fluorescence intensity is lower in the tamoxifen-treated cells and higher in the β-estradiol-treated cells compared to that in the untreated cells. These results indicate that the FRET-based HCR method is capable of sensing changes in gene expression levels in cancer cells.

![Fluorescence images of TK1 mRNA in MCF-7 cells before (E--H) and after treating with tamoxifen (A--D) and β-estradiol (I--L), respectively. Scale bar: 10 μm.](c6sc00377j-f5){#fig5}

Cancer histopathology is currently the preferred method for detecting microscopic anatomical changes in tissue sections, making the discovery of cancer biomarkers critical for early diagnosis and treatment.[@cit34] Tissue immunostaining is critically important in clinical applications. Alternatively, tumor-related mRNA is also an ideal biomarker for clinical applications in cancer diagnosis and imaging. In order to demonstrate the ability of the FRET-based HCR technique applied at the tissue section level, we chose tumor-related TK1 mRNA as a target. As shown in [Fig. 6](#fig6){ref-type="fig"}, for liver cancer tissue sections that highly expressed TK1 mRNA, the results exhibit highly intense cytoplasmic fluorescent signals, and for liver normal tissue sections that expressed TK1 mRNA in a very low amount, almost no signal could be detected under the same conditions. These results were consistent with the results of the cell experiments, which validated the ability of the FRET-based HCR technique for specific *in situ* detection of mRNA at the tissue section level.

![Fluorescence images of TK1 mRNA in liver cancer tissue slices and liver tissue slices, respectively. The red fluorescence represents TAMRA and the blue fluorescence represents DAPI stained cell nuclei.](c6sc00377j-f6){#fig6}

Conclusions
===========

In summary, we have developed a FRET-based HCR strategy for highly sensitive and selective *in situ* visualization of tumor-related mRNA expression in single cells and tissue sections. It has many advantages: (1) by taking advantage of the HCR technique, highly sensitive and selective detection of mRNA is achieved; (2) HCR is an excellent isothermal signal-amplification technique which does not require an enzyme; (3) by using the FRET strategy, complicated washing steps are not necessary and experimental time is sharply shortened; (4) the signal generation based on FRET can minimize the effect of system fluctuations and avoid false positive signals that can be observed in quencher/dye systems as a result of probe accumulation or degradation. We believe that the FRET-based HCR strategy has great potential as a powerful tool for basic research and clinical diagnosis.

Experimental section
====================

Chemicals and materials
-----------------------

The oligonucleotides used in this work (Table S1[†](#fn1){ref-type="fn"}) were synthesized by Sangon Biological Co. Ltd (Shanghai, China). Formamide was purchased from Sinopharm Chemical Reagent Co. Ltd (Beijing, China). 4% paraformaldehyde (PFA) and sodium chloride/sodium citrate (SSC, 20×) buffer were from Dingguo Biotechnology Co. Ltd (Beijing, China). 4′,6-Diamidino-2-phenylindole (DAPI) was from Gen-view Scientific Inc. (USA). Tamoxifen and β-estradiol were from Sigma Aldrich Chemical Co. Ltd (St. Louis, MO). Tissue slices were from Huashun Biotechnology Co. Ltd (Wuhan, China). All other chemicals were of analytical grade. All solutions were prepared using ultrapure water, which was obtained through a Millipore Milli-Q water purification system (Billerica, MA, USA) with an electric resistance \> 18.3 MΩ.

Fluorescence experiments
------------------------

In order to study the relationship between FRET-based HCR probes reaction time and target concentration, the 100 nM signal probes (H1, H2 and H3) were reacted with increasing concentrations of the DNA targets (0, 0.05, 0.1, 0.5, 1.5, 10, 50, 100 nM) for 4 h at 37 °C. In the process of reacting, the fluorescence was monitored at appropriate excitation wavelengths. The fluorescence was recorded on a F-7000 fluorescence spectrometer exciting at 488 nm and measuring emission from 510 nm to 650 nm in 1 nm increments. For FRET fluorescence detection, the excitation and emission wavelength are 485 nm, and 510--650 nm, respectively. For TAMRA fluorescence detection, the excitation and emission wavelengths are 543 nm, and 560--630 nm, respectively (the average and standard deviation were obtained by 3 parallel experiments in each trial). Selective experiments conducted *via* this reaction were performed with three mismatched targets. In order to study the relationship between the FRET-based binary probe reaction time and target concentration, the 100 nM signal probes (BP1 and BP2) reacted with increasing concentrations of the DNA targets (0, 10, 25, 35, 45, 50, 65, 75, 100 nM) for 4 h at 37 °C. In the process of reacting, the fluorescence was monitored at appropriate excitation wavelengths. The fluorescence was recorded on a F-7000 fluorescence spectrometer exciting at 488 nm and measuring emission from 510 nm to 650 nm in 1 nm increments. For FRET fluorescence detection, the excitation and emission wavelengths are 485 nm, and 510--650 nm, respectively. The average and standard deviation were obtained by 3 parallel experiments in each trial.

Cell culture and fixation
-------------------------

MCF-7 cells (a breast cancer cell line), L02 cells (human hepatocyte cell line) and HepG2 cells (human liver hepatocellular carcinoma cell line) were cultured in a RPMI 1640 medium supplemented with 15% fetal calf serum, 100 μg mL^--1^ of streptomycin, and 100 units per mL of penicillin. Cells were all cultured at 37 °C in a humidified incubator containing 5% CO~2~. MCF-7, L02 and HepG2 cells were seeded on confocal laser culture slides and cultured in the culture medium for 24 h. The cells were first washed twice with phosphate buffered saline (PBS, pH 7.4, calcium and magnesium free) and then fixed on the slides with PBS containing 4% paraformaldehyde (PFA) for 15 min at room temperature followed by two PBS washes.

*In situ* detection in fixed cells and tissue slices
----------------------------------------------------

The slides with fixed cells were first incubated in a humidified 37 °C incubator for 4 h with 190 μL of hybridization solution containing 30 μL of 5 μM H1, 42 μL of 3 μM TAMRA-labeled H2, 42 μL of 3 μM FAM-labeled H3, 20% formamide and 2× SSC. Before imaging, the slides were stained with DAPI. If using the FRET-based binary probe procedure, the slides with fixed cells were first incubated in a humidified 37 °C incubator for 4 h with 140 μL of hybridization solution containing 3 μM FAM-labeled BP1 and 3 μM TAMRA-labeled BP2, 2× SSC, and 20% formamide. Before imaging, the slides were stained with DAPI. The tissue slices were first incubated in a humidified 37 °C incubator for 4 h with 1140 μL of hybridization solution containing 180 μL of 5 μM H1, 252 μL of 3 μM TAMRA-labeled H2, 252 μL of 3 μM FAM-labeled H3, 20% formamide and 2× SSC. Before imaging, the tissue slices were stained with DAPI.

Inhibited experiment and drug treatment
---------------------------------------

The slides with fixed cells were first incubated in a humidified 37 °C incubator for 1.5 h with 50 μL hybridization solution containing 30 μL of 5 μM inhibitor, 10 μL of formamide, and 10 μL of 10× SSC. After pouring out the liquid, the slides with fixed cells were incubated in a humidified 37 °C incubator for 4 h with 190 μL of hybridization solution containing 30 μL of 5 μM H1, 42 μL of 3 μM TAMRA-labeled H2, 42 μL of 3 μM FAM-labeled H3, 20% formamide and 2× SSC. Before imaging, the slides were stained with DAPI solution. For the drug treatment, MCF-7 cells were seeded on glass slides overnight. Then the slides were first incubated with 5 μM tamoxifen or 10^--2^ μM β-estradiol in a humidified 37 °C and 5% CO~2~ incubator for 24 h and followed the above experimental steps.

Confocal fluorescence imaging system
------------------------------------

Fluorescence imaging was performed using a confocal laser scanning fluorescence microscope setup consisting of an Olympus IX-70 inverted microscope with an Olympus FluoView 500 confocal scanning system. The cellular images were acquired using a 120× and 200× objective. An Ar^+^ laser (488 nm) was used as an excitation source for a FAM-labeled detection probe, and a 515 nm (±10 nm) bandpass filter was used for fluorescence detection. The DAPI dye was excited with a 405 nm laser line and detected with a 460 nm (±10 nm) bandpass filter. The fluorescence images were presented after processing by Image Proplus 6.0 software and Image J version 1.38x software.

qRT-PCR
-------

Total cellular RNA was extracted from MCF-7 cells, L02 cells or HepG2 cells using Trizol reagent S5 (Sangon Co. Ltd., Shanghai, China) according to the indicated protocol. The cDNA samples were prepared by using the reverse transcription (RT) reaction with an AMV First Strand cDNA Synthesis Kit (BBI, Toronto, Canada). qPCR analysis of mRNA was performed with SG Fast qPCR Master Mix (2X) (BBI), according to the indicated protocol on an LightCycler 480 Software Setup (Roche). The primers used in this experiment were shown in Table S1.[†](#fn1){ref-type="fn"} We evaluated all of the data with respect to the mRNA expression by normalizing to the expression of GAPDH and using the 2^--ΔΔ*C*~t~^ method.

Flow cytometry
--------------

For flow cytometry, cells were treated as described above, and then were analyzed by flow cytometry on a Beckman Gallios (Beckman Coulter, Brea, CA, USA) instrument using fluorescent channel FL-4 (488 nm excitation, 580 nm emission). Reported fluorescence intensities represent the median of 20 000 analyzed cells. Background fluorescence detected in cells without staining was subtracted.
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